cles and two cows are both "two"). Thus, transduction processes at the level of the sensory epithelium, which can account for magnitude effects in sensory neurons, cannot explain numerical magnitude effects.
Results

successive visual displays contained the same small number of pseudorandomly placed items (Nieder et al., 2002). To perform this task, monkeys needed to abstract Behavior
We trained monkeys on a delayed match-to-numerosity the quantity of items from visual displays that varied widely in appearance and then hold that information in task ( Figure 2A ) that required them to judge whether Figure 
Behavioral Protocol and Recording Site
(A) Delayed match-to-numerosity task. Fixating monkeys were cued for a given numerosity by a sample display. The subjects had to memorize the numerosity in a 1 s delay period and match it to a subsequent test stimulus (either the first or the second test stimulus was correct in 50% of the cases) by releasing a lever. During single-unit recording, the nonmatch stimuli were one numerosity up or down. For the behavioral tests (shown here), however, a larger range of nonmatch numerosities was shown. As an example, the figure displays the protocol for sample numerosity "five." (B) Area of recording sites (blue) in both monkeys. Mainly neurons from the ventral bank of the prefrontal cortex were recorded.
Figure 3. Quantification of Behavioral Performance Curves
The behavioral performance for both monkeys indicated whether they judged the first test stimulus (after the delay) as containing the same number of items as the sample display ("% same as sample"). Colors represent performance curves for a given sample numerosity. Behavioral filter functions are plotted on linear (A) and logarithmic (B) scales. The functions are asymmetric when plotted on a linear scale (note the shallower slope toward higher numerosities) (A), but are symmetric when plotted on the nonlinear logarithmic scale (B). (C and D) Individual distributions for all tested numerosities for both monkeys. Columns to the left in (C) and (D) show data plotted on a linear scale, contrasted by the same functions plotted on a logarithmic scale. To evaluate the symmetry of the behavioral and filter functions in the monkeys, a normal distribution (Gaussian, indicated by dotted lines) was fitted to the measured data, and the goodness-of-fit was derived as quantitative measure (error bars, ϮSEM). memory over a short delay. Performance on sets of sively better as numerical distance between two displays increased (numerical distance effect). For larger control stimuli confirmed that the monkeys were relying on abstract quantity information rather than on the exact quantities, the two numerosities had to be numerically more distant for performance to reach the level obtained appearance of the displays or lower-level visual features (area, circumference, density, or geometric arrangement with smaller quantities and closer numerical distance (numerical size effect). of the dots) (Nieder et al., 2002) . In a new set of behavioral experiments, we tested the monkeys' performance The distributions of both monkeys' performance were asymmetric when plotted on a linear scale ( Figure 3A) ; to an expanded range of nonmatch numerosities (Figures 3A and 3B ). Monkeys made more errors when the slopes were shallower for numerosities higher than the sample numerosity (i.e., the center of each distribution) numerosities were adjacent and performed progres-osity judgments is better described using a power function-compressed or logarithmically compressed scale, as opposed to a linear scale; it seems that these data follow the Weber-Fechner law.
Neurophysiological Data
We performed similar analyses on the activity of neurons from the lateral PFC ( Figure 2B ) of these monkeys obtained during task performance. Data were analyzed separately for the acquisition (sample epoch) and the retention phase (delay epoch).
From a total sample of 352 tested cells, 131 and 111 ing activity across all neurons that preferred a given number. The neuron data mirrored the numerical distance and magnitude effects by the fact that the neural than for numerosities lower than the sample. However, when plotted on a logarithmic scale, the distributions filters were also an inverted V-shape that became less selective (wider) with increasing preferred numerosity. were more symmetric ( Figure 3B ), suggesting that a nonlinear coding scheme might be more appropriate for Much like the behavioral data, the neural filter functions were asymmetric when plotted on a linear scale, this data. To quantify this, we first determined whether linear or nonlinear scaling models provided a superior but more symmetric when plotted on a logarithmic scale. Larger sigma means a wider distribution (and therefore less selectivity), so bandwidth ratios greater than one indicate that the neural population was less sensitive than behavior. This revealed that the bandwidth ratios were a constant 1.5 across all numerosities ( Figure 7D ), indicating greater sensitivity on the behavioral than the neural level. But also note that this ratio remained remarkably constant across different numerosities (slope ϭ 0.02, linear fit) even though at both the behavioral and neural level, sensitivity decreases with increasing numerosity. This suggests a direct relationship between behavioral and neuronal representations.
Discussion
Figure 7. Comparison of Behavioral and Neuronal Data
In this study, we report that behavioral and neural mea- during the acquisition phase of the task (the sample dot was also randomly varied between five different sizes. To preAs the Weber fraction is a constant, the following relation must hold: vent the monkeys from memorizing the visual patterns of the displays, each quantity was tested with 100 different images per ses-(n Ϫ n s ) n s ϭ (n l Ϫ n) n , (4) sion, and the sample and test displays that appeared on each trial were never identical. All quantities of items were used in each sesBecause of the asymmetric relation of the discrimination functions, sion, and all displays were newly generated for each session by the following special relation arises, which will be called 'asymmetry pseudorandomly shuffling all relevant item features. Several control index': stimuli were applied prior to these experiments to ensure that the monkeys solved the task by truly abstracting quantity, rather than n s n · n l n ϭ 1 (5) attending to low-level visual features. Controls included displays in which the total area and circumference was equated across different These predictions for asymmetric representation of numerical inforquantities, displays of low and high dot density, displays in which mation are tested in the current paper. Note that the absolute values two or more dots formed lines ("linear") and formed polygons of the Weber thresholds are not directly comparable for the neuronal ("shapes"), and displays in which the dots were replaced with trianand behavioral condition fractions because they were derived for gles, squares, and ovals ("variable features"). The behavioral perforneuronal data at 75% of the maximum response due to incompletely mance of the monkeys to these controls suggested that monkeys closed distributions at the 50% level. were indeed judging quantity (Nieder et al., 2002) .
